RESUMÉ [Traduit par la rédaction] Les sécheresses survenues en 2001 et 2002 dans les Prairies canadiennes étaient des événements climatologiques inhabituels de par leur anomalie de précipitations extrême et leur persistance extraordinaire. Dans le centre-ouest des provinces des Prairies, des précipitations bien inférieures à la normale ont été enregistrées pendant une période remarquable de huit saisons consécutives, de l'automne 2000 à l'été 2002. L'analyse de la circulation dans la troposphère moyenne durant ces périodes de sécheresse indique que les configurations étaient nettement différentes de celles qui ont caractérisé les fortes sécheresses de plusieurs saisons dans les Prairies en 1961 et en 1988. En particulier, la circulation en 2001 et 2002 n'affichait pas la composante méridienne distincte au-dessus du Pacifique Nord et de l'Amérique du Nord qui a été associée aux périodes sèches précédentes dans l'Ouest canadien. En outre, il n'existe pas de relation claire entre l'évolu-tion et la persistance des sécheresses de 2001 et 2002 et les configurations de téléconnexion à grande échelle qui ont influencé les extrêmes climatiques du passé dans l'ouest du pays. Les résultats suggèrent que les sécheresses récentes pourraient être liées à une extension vers le nord d'anomalies persistantes de circulation propices à la sécheresse qui ont influencé le territoire continental des États-Unis. Ces différences dans la circulation indiquent que d'autres recherches sont nécessaires pour mieux comprendre et mieux prévoir les périodes sèches prolongées en Amérique du Nord.

Introduction
Since most human activities and ecosystem health are dependent on reliable, adequate water supplies, droughts present a serious threat to society and the environment. Over the Canadian Prairie Provinces of Alberta, Saskatchewan and Manitoba, prolonged droughts have major impacts on a wide range of sectors including agriculture, forestry, industry, municipalities, recreation, and aquatic ecosystems. They often stress water supplies by depleting soil moisture reserves, reducing stream flows, lowering lakes and reservoirs, and diminishing groundwater. This in turn affects several economic activities including decreased agricultural production, less hydroelectric power generation, and more forest fires. Droughts also have major environmental impacts such as reduced water quality, soil erosion, and ecological habitat destruction.
Droughts are complex phenomena whose definition depends on the user and the geographical region in question. For example, a meteorological drought applies to a long-term lack of precipitation that is frequently intensified by anomalously high temperatures that increase evapotranspiration.
This often leads to other types of droughts including agricultural (periods during which soil moisture is insufficient to support crops), hydrologic (prolonged periods of unusually low surface run-off and shallow groundwater levels), and socio-economic (an unusual shortage of water that has an adverse effect on society and the economy) (Maybank et al., 1995) . Droughts also occur on a variety of temporal and spatial scales with their impacts being dependent on the timing and sequencing of dry periods. For instance, a shortage of water and soil moisture at a critical time for crop growth may initiate agricultural drought, but hydropower generation would not be affected if reservoirs have adequate supplies. For the purpose of this paper, the term drought refers to meteorological drought unless otherwise stated.
Although most regions of Canada have experienced drought, the Canadian Prairies are more susceptible mainly due to their high variability of precipitation in both time and space. Most Prairie droughts occur during the growing season of May to August when the majority (up to two-thirds) of annual precipitation is received (Longley, 1972; Dey, 1982) . However, drought conditions can also be initiated and/or accentuated during the cold season when a lack of precipitation results in lower than normal spring snowmelt and runoff that is critical to stream, reservoir, and soil moisture replenishment. As a result, it is the multi-season to multi-year droughts that have the most severe impacts. During the past two centuries, several droughts have occurred in western Canada with multi-year episodes being observed in the 1890s, 1930s, and 1980s (Phillips, 1990) . The years 2001 and 2002, however, were associated with the worst droughts for at least a hundred years in many parts of the Canadian Prairies (Wheaton et al., 2005) . Abnormally dry conditions persisted in the west-central Prairie region for a remarkable eight consecutive seasons from autumn 2000 to summer 2002. In fact, over southern Alberta, the consecutive seasons of below normal precipitation were initiated in autumn 1999. Even in the dust bowl of the 1930s, no single year in western Saskatchewan was drier than 2001. Incredibly, Saskatoon was 30% drier than during any other year over the last 110 years (Phillips, 2002) . The 2001 and 2002 annual Palmer Drought Severity Indices were also the lowest on record for several western Canadian stations (Wheaton et al., 2005) . This persistence and intensity of dry weather (i.e., meteorological drought) led to a severe agricultural, hydrologic, and socio-economic drought that had devastating impacts on many sectors of the Canadian Prairie economy and environment. For example, the drought contributed to a negative or zero net farm income for the first time in 25 years (Statistics Canada, 2003) , while previously reliable water supplies such as streams, wetlands, reservoirs, and groundwater were placed under stress and often failed.
The preceding strongly suggests that unique atmospheric conditions were responsible for the persistence and severity of the 2001-02 droughts. Few studies have examined atmospheric causes of Canadian Prairie droughts with the majority of those focusing on the warm season. For example, growing season extended dry spells were associated with a persistent upper-atmospheric circulation pattern that included a largeamplitude ridge centred across the Prairies. The ridging creates blocking conditions that displace the jet stream, cyclonic tracks, and moist air masses and fronts from the region. The ridges are also often associated with mid-tropospheric subsidence and resultant high surface temperatures during the summer season (Chakravarti, 1976; Dey, 1982) . In addition, the atmospheric flow over the North Pacific and North America is meridional, consisting of alternating high-amplitude ridges and troughs that resemble the positive phase of the Pacific North American (PNA) pattern (Knox and Lawford, 1990) . As alluded to previously, drought conditions can also be initiated and/or accentuated during the cold season when a lack of precipitation results in lower than normal spring runoff. Cold-season precipitation deficiencies are also influenced by a persistent mid-tropospheric circulation pattern that involves anomalous ridging and a split in the jet stream over western Canada (e.g., Shabbar et al., 1997) . This pattern not only diverts precipitation systems from the region, but also enhances the advection of warm air and associated sublimation of the snow pack over the Prairies.
Reasons for the persistence of anomalous circulation patterns that lead to drought are not entirely understood but are likely related to surface boundary conditions such as snow and ice, vegetation, soil moisture, and sea surface temperatures (SSTs) which force the climate through variations in their optical and thermal properties (e.g., Maybank et al., 1995) . The forcing factors directly influence local to regional atmospheric flow which, in turn, affects circulation over other areas of the globe (known as teleconnections). Several studies have found links between various teleconnection indices and climate anomalies over Canada. For example, significant relationships between the El Niño/Southern Oscillation (ENSO) and Canadian winter/spring temperatures and precipitation have been observed, with the strongest impacts occurring in the west. This involves warmer and drier conditions in association with El Niño events and colder and wetter winters and springs during La Niña events (Shabbar and Khandekar, 1996; Shabbar et al., 1997) . Linkages between western Canadian climate and teleconnections such as the Pacific Decadal Oscillation (PDO) and the PNA pattern are also evident, but mainly during winter. These include warmer and drier winters in association with positive phases of the PDO and PNA and vice versa (e.g., Bonsal et al., 2001) . Summer teleconnections are less robust, however, associations between persistent North Pacific SST anomalies (consisting of colder than normal SSTs in the east-central North Pacific and warmer than normal SSTs along the west coast of North America) and atmospheric ridging leading to growing season dry spells on the Prairies have been identified (Bonsal et al., 1993) . In addition, Shabbar and Skinner (2004) indicated that ENSO, the PDO, and their interrelationship play a significant role in summer moisture availability in Canada. In particular, they determined that El Niño events were associated with summer moisture deficits in the western two-thirds of the country while La Niñas were linked to excess moisture in extreme western Canada.
Even though previous studies have examined the atmospheric causes of climate anomalies over western Canada, none has specifically focused on comparing the large-scale circulation patterns during the 2001 and 2002 droughts to those associated with historical extended dry periods on the Canadian Prairies. The main objective of this study is to assess the similarities and differences of the mid-tropospheric circulation anomalies and major teleconnection indices in 2001 and 2002 to those that occurred during the multi-season Prairie droughts of 1961 and 1988. The data and methodology are described in Section 2, while Section 3 compares temperature and precipitation patterns, northern hemisphere 500-hPa anomalies, and teleconnection indices among the various drought years. The study concludes with a summary and discussion in Section 4.
Data and methodology a Data
Mean temperature and precipitation data consist of seasonal values for 131 stations across Canada. In this study, winter refers to December-January-February, spring to March-AprilMay, summer to June-July-August, and autumn to September-October-November. For temperature, homogeneity problems caused by station relocation and changes to instrumentation and observing practices have been addressed using a regression model technique (Vincent, 1998; Vincent and Gullett, 1999) . Precipitation values were adjusted to account for gauge undercatch, wetting loss, and trace events (Mekis and Hogg, 1999) . Mid-tropospheric circulation data originate as monthly northern hemisphere 500-hPa geopotential height anomalies (relative to the 1948-2002 period) at a 2.5°latitude/longitude resolution. They were obtained from the National Centers for Environmental Prediction (NCEP) reanalysis dataset (Kalnay et al., 1996) . Seasonal 500-hPa height anomalies are determined from the monthly values and are used to analyse persistent characteristics of the large-scale circulation. In general, positive height anomalies are indicative of accentuated atmospheric ridging and warmer/drier than normal surface conditions and vice versa.
Regarding teleconnections, this study focuses on major atmospheric and oceanic oscillations that have been shown to affect significantly western Canadian climate. The Southern Oscillation Index (SOI) represents ENSO conditions in the tropical Pacific and is defined as the difference in sea-level pressure between Tahiti, French Polynesia and Darwin, Australia. Negative (positive) SOI are representative of El Niño (La Niña) events. The SOI data were obtained from the Climate Diagnostics Center (2004). The PNA pattern describes mid-tropospheric circulation over the North Pacific and North America. Positive values represent meridional flow with higher than normal heights over Hawaii, negative anomalies over the North Pacific, ridging over western Canada, and lower than normal heights over the south-eastern United States (and vice versa) (Wallace and Gutzler, 1981) . The PNA data were obtained from the Joint Institute for the Study of the Atmosphere and Ocean (2004) . The PDO is the leading principal component of North Pacific SST variability (Mantua et al., 1997) . A positive index is characterized by negative SST anomalies in the east-central North Pacific and warmer SSTs along the west coast of North America and vice versa. The PDO data were taken from Mantua (2004) . All indices originate as monthly standardized anomalies (with respect to their period of record). Seasonal values are calculated by averaging the three months within each season.
Note that El Niño events are normally associated with a positive PDO and the development of a positive PNA pattern during the winter following their onset. The mid-tropospheric ridging over western Canada then affects cold-season climate in the region including warmer, drier conditions associated with the ridging. La Niña events are generally associated with the opposite conditions (Shabbar and Khandekar, 1996; Shabbar et al., 1997; Bonsal et al., 2001) . Positive PNA values have also been related to drier than normal springs and summers over the Prairies (Knox and Lawford, 1990; Romolo, 1998; Bonsal et al., 1999) .
b Methodology
The main objective is to compare the 2001-02 mid-tropospheric circulation patterns and teleconnections to those associated with historical, multi-season droughts over the Canadian Prairies. Although several previous droughts have been documented, the most severe in terms of persistence and impacts include the multi-year droughts of the 1930s and 1980s (with 1988 being the worst drought year), and 1961 which is considered the most extensive single-year Prairie drought during the twentieth century (Maybank et al., 1995) . However, mid-tropospheric data are not available prior to 1946 precluding examination of the droughts of the 1930s. Fig. 1) and also represents the traditional agricultural year on the Canadian Prairies. Note that individual seasonal comparisons were also carried out and unless otherwise noted, showed similar results to those associated with the entire autumn to summer period. Figure 1 provides average precipitation departures from normal and temperature anomalies over Canada for the autumn to summer period associated with the droughts of 1961, 1988,
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2001, and 2002. In terms of precipitation, all maps show extreme negative anomalies centred over the Prairie region. In 1961, much of southern Canada experienced precipitation deficits with the most extreme values (30% to 40% below normal) situated over the southern Prairie Provinces. Examination of seasonal maps reveals that well below normal precipitation persisted over the Prairies for every season during this autumn to summer period. In fact, the anomalies were initiated during summer 1960 and returned to near normal in autumn 1961 (not shown). The 1988 Prairie precipitation anomalies were similar to those in 1961 in terms of severity and spatial distribution, however, the most extreme anomalies were shifted slightly westward. As with 1961, well below normal precipitation was observed over the Prairies during all four seasons from autumn 1987 to summer 1988. Fig. 1 shows that the droughts of 1961 and 1988 were similar in that strong positive anomalies of 1.5°to 2.5°C encompassed most of the Prairies. Seasonally, the strength of these anomalies remained consistent throughout the autumn to summer period during both 1961 and 1988. During the 2001-02 droughts, on the other hand, the Prairies did not experience extreme temperature anomalies with values only averaging around 0.5°to 1.0°C above normal. Furthermore, the highest anomalies were observed during autumn and winter with spring and summer being associated with small positive or even negative values (not shown). In fact, in 2002, the Prairies experienced their coldest spring on record since regional records began in 1948 (Climate Trends and Variations Bulletin, 2004) .
b Mid-Tropospheric Circulation Average autumn to summer 500-hPa anomalies during the 1961, 1988, 2001 and 2002 droughts are shown in Fig. 2 . The 1961 and 1988 circulations were characterized by persistent ridging over western and central Canada as evidenced by the stronger positive anomalies over the area. Both years were also associated with significant negative anomalies (i.e., troughing) over the east-central North Pacific. These features are representative of meridional flow over the North Pacific/North America which is characteristic of previous dry periods over western Canada (e.g., Bonsal et al., 1993; Shabbar et al., 1997) . The differences are more apparent during the summer (Fig. 3b ) which shows that 1961 and 1988 are associated with higher negative differences over the North Pacific and stronger positive values (more pronounced ridging) over west-central Canada. During the warm season, this ridging is normally associated with mid-tropospheric subsidence and resultant high surface temperatures (Chakravarti, 1976) . This was certainly the case in 1961 and 1988 which, as mentioned previously, rank as the two hottest summers on the Prairies since regional records began in 1948. The absence of strong ridging in 2001 and 2002 likely explains why the extreme positive summer temperature anomalies that are common to many Canadian Prairie droughts were not seen during those years. not associated with any persistent anomalous SOI values and thus there was an absence of ENSO events prior to or during the drought. The preceding therefore indicates no consistency in terms of ENSO during these major droughts. For the PDO, 2001-02 was associated with mostly negative values that were first evident in autumn 1998. Conversely, in 1988 strong positive PDO values occurred prior to and during the drought. In fact, these positive PDO indices were prevalent for most of the 1980s which was considered a dry decade for much of the Prairies (e.g., Maybank et al., 1995) . In 1961, the PDO was slightly positive prior to the drought and during winter and spring 1961. It then became negative during summer 1961. Note that preliminary analysis indicates that a persistent positive PDO was associated with the major Prairie droughts of the mid-1930s (not shown). Moreover, the North Pacific SST pattern associated with a positive PDO is similar to the SST anomaly gradient identified by Bonsal et al. (1993) . They determined that a persistent positive gradient (i.e., anomalously cold SSTs in the east-central North Pacific and anomalously warm SSTs along the west coast of North America) was often associated with atmospheric ridging and extended summer dry spells on the Prairies. Therefore, the North Pacific SSTs, during 2001-02, differed from those associated with previous dry periods in western Canada.
The PNA pattern had no consistency during 2001-02 with weaker values dominating during most of the period. In 1961 and 1988, there were positive indices both prior to, and during the entire drought period. This is consistent with Figs 2 and 3 which show a meridional flow pattern in association with the 1961 and 1988 droughts. Furthermore, previous studies of anomalously dry periods over western Canada revealed significant associations with positive PNA values during both the cold and warm season (Knox and Lawford, 1990; Shabbar et al., 1997; Bonsal et al., 1999) . This once again signifies differences in the 2001-02 large-scale circulation. magnitude and spatial distribution of precipitation deficits over the Prairies were similar during these major drought episodes (Fig. 1) , results reveal considerable differences in their associated large-scale circulation parameters. In particular, northern large-scale teleconnections that have been shown to influence past climate anomalies over the country (Tables 1 and 2 , Fig. 4) . The mid-tropospheric circulation from autumn 2000 to summer 2002 was characterized by persistent positive height anomalies over the eastern North Pacific and continental United States that extended northward to encompass much of Canada (Figs 2c and 2d) . Examination of seasonal 500-hPa anomaly maps reveals that this pattern persisted during the entire twoyear period and in fact, had been apparent since autumn 1998 (not shown). It therefore appears that the 2001-02 Prairie droughts were influenced by anomalous positive heights over the United States and southern Canada that persisted for several seasons. This circulation likely influenced other regions of Canada (British Columbia, southern Ontario/Québec, and the Atlantic Provinces) which also experienced drought conditions during parts of 2001 and 2002 (Wheaton et al., 2005 , and the United States where drought encompassed much of the country from 1998 to 2002. Hoerling and Kumar (2003) attributed these persistent circulation anomalies to a contemporaneous persistent SST pattern that consisted of colder than normal SSTs in the eastern tropical Pacific and unprecedented warm SST anomalies in the western Pacific and Indian Oceans. The SST anomalies are consistent with the La Niña that occurred from summer 1998 to winter 2001. They also determined that global climate models forced with this persistent SST pattern closely replicated the positive upper-atmospheric height anomalies over the continental United States. In addition, a study by Schubert et al. (2004) partly attributed the 1930s dust bowl over the United States Great Plains to La Niña-like conditions in the tropical Pacific.
Summary and discussion
Although these tropical SSTs may have influenced North American circulation and thus, the 2001-02 Canadian Prairie droughts, it was shown that the flow patterns lacked the meridional circulation associated with previous severe droughts in western Canada. This could explain the absence of extreme hot summer conditions over western Canada during the summers of 2001 and 2002 that are normally associated with large-amplitude atmospheric ridging. The circulation also showed differences in associated teleconnections including the lack of a positive PNA pattern (indicative of ridging over western Canada) and no evidence of a persistent positive PDO (whose North Pacific SST patterns have been related to other severe western Canadian droughts) (Bonsal et al., 1993) . These differences have implications for long-range forecasting of Prairie droughts and signify that further research is required to determine the range of large-scale circulation patterns responsible for extended dry periods over North America. This should include possible differences between droughts confined to the continental interior regions of North America such as those in 1961 and 1988, and continent-wide episodes similar to the droughts of 2001 and 2002. Other factors that require investigation include influences of the recently discovered Atlantic Multidecadal Oscillation (AMO) which has been associated with drought conditions in both Canada (Shabbar and Skinner, 2004) and various regions of the United States (e.g., McCabe et al., 2004; Schubert et al., 2004) , as well as the role of antecedent precipitation deficits and resultant large-scale soil moisture anomalies which have been shown to affect atmospheric circulation patterns and associated storm tracks in drought-prone regions (e.g., Oglesby and Erickson, 1989) .
It is realized that the comparisons of the 2001 and 2002 droughts were only carried out for the major droughts of 1961 and 1988 and that atmospheric conditions during other less severe drought periods may show more similarities to the recent episode. Circulation patterns and teleconnections associated with anomalously wet periods on the Prairies, which have received little attention when compared to droughts (e.g., Dey, 1977) , should also be identified to determine large-scale similarities and differences with major drought episodes. In conclusion, this study provides insight into the large-scale circulation patterns associated with the 2001 and 2002 Canadian Prairie droughts. Analyses suggest that the atmospheric causes of these droughts may be related to a northward extension of persistent drought-producing circulation anomalies that influenced the continental United States which differs from the other severe Prairie droughts examined in this study. These differences indicate that more research is required to understand better the atmospheric causes of large-area droughts over Canada and North America. This may aid in the long-range prediction of severe dry episodes in these regions.
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